This article outlines a compact annular-radial-orifice flow magnetorheological valve through theoretical calculation, simulation analysis and experiment verification. The fluid flow paths of this proposed magnetorheological valve consist of a single annular flow channel, a single radial flow channel and an orifice flow channel through structural design. The finite element modelling and analysis of the magnetorheological valve was carried out using ANSYS/Emag software, including achieving optimal magnetic field distribution and yield stress in the annular flow path and radial flow path, respectively. Moreover, this proposed magnetorheological valve was prototyped and evaluated experimentally, showing that the magnetorheological valve has significantly improved its efficiency, especially the pressure drop at the 1.0 mm width of annular resistance gap and 0.5 mm width of radial resistance gap.
Introduction
Magnetorheological (MR) fluid is a suspension of micro-sized particles dispersed in non-magnetic carrying fluids. As a kind of smart materials, MR fluid exhibits unusual characteristics in that its rheological properties can be continuously and reversibly changed within milliseconds by applying or removing a magnetic field (De Vicente et al., 2011; Jolly et al., 1999) . This interesting property has inspired the design of a large variety of MR fluid-based devices in various engineering applications, such as MR damper, MR mount, MR brake and MR clutch (Do and Choi, 2015; Liu et al., 2006; Phu et al., 2014a) . Since the working principles of most MR fluid-based devices are based on the manipulation of fluid flow rate in the resistance gaps, the key performance of MR fluid-based device is determined by the performance of MR valve. Therefore, a successful improvement in MR valve performance can significantly impact the development of other MR fluid-based devices.
In general, a typical MR valve consists of a valve body, a valve core, an excitation coil and a fluid flow path. The detailed configuration of each MR valve could be different depending on the specific design but the basic working principle is usually similar. The magnetic field from the excitation coil is applied to the MR fluid in the fluid flow path to make its rheological properties to change, which leads to the changes of the fluid flow resistance and therefore changes the pressure drop of the valve, so that the MR fluid flow can be slowed or even stopped (Abd Fatah et al., 2015; Kostamo et al., 2012; Yoshida et al., 2010) . Normally, the MR valve is often used to control the speed of the hydraulic actuator or acts as a bypass valve to control the damping performance of the MR actuators (Hu et al., 2014a; McLaughlin et al., 2014; Nguyen et al., 2013; Phu et al., 2014b) .
In order to make the MR valve to control the MR actuators conveniently and effectively, the research of MR valves was mainly focused on the structural design and optimisation to achieve a larger pressure drop or fast responses while miniaturing its geometry as 1 possible as it can. Salloom (2011a Salloom ( , 2011b Salloom ( , 2012 proposed a four-way and three-position MR proportional directional control valve, and the experimental results show that it can replace many types of spool directional control valve for controlling hydraulic actuator. Aydar et al. (2010) and Gordaninejad et al. (2010) developed a large-scale modular magnetorheological finishing (MRF) bypass damper with a two-stage disc type bypass MR valve which can provide a pressure drop of over 9.6 MPa at 5 A of activation electric input current, and the experimental results showed that the proposed modular MRF bypass damper can provide a maximum damping force over 200 kN. Liao et al. (2012) developed a novel MR valve with multi-stage radial fluid flow paths, and an MR damper was also prototype integrated with this bypass MR valve, the simulation and experimental results showed that this new MR damper is superior to the traditional MR damper with annular damping channel in the performances of low magnetic field utilisation and high energy consumption. We presented an efficient doublecoil MR valve with evaluated simulations and experimental verifications (Hu et al., 2014a) ; a novel MR valve with tunable resistance gaps from minimum 1 mm to maximum 2 mm was also proposed; and the experimental tests showed that this MR valve can offer a great flexibility in developing pressure drops (Hu et al., 2014b) .
In addition to the structural design of MR valves, the optimisation of MR valves was also carried out to improve the performance of MR valves. Rosenfield and Wereley (2004) proposed an analytical optimisation design method for MR valves and dampers based on the assumption of a constant magnetic flux density throughout the magnetic circuit to ensure that one region of the magnetic circuit does not become prematurely saturated and cause a bottleneck. Wereley (2002, 2004) developed a design that maximised performance while minimising the volume and mass consumption of the valve for the fluid mechanics purpose. Nguyen et al. (2007 Nguyen et al. ( , 2008 Nguyen et al. ( , 2009 ) presented a geometric optimal design of MR valves constrained in a specific volume using the finite element method to improve pressure drop of the valve. Zhu et al. (2013) investigated the optimal design of MR control valves with an annular flow structure in two configurations of coil wire placements using a non-dimensional analytical method. Hadadian et al. (2014) also used the design of experiments and response surface method for the optimal design of a single-coil annular MR valve constrained in a specific volume inside an MR damper.
It is noted that the fluid flow paths of the MR valves were only either annular resistance gap or radial resistance gap. For this typical fluid flow channel, it is difficult to obtain a larger pressure drop and bigger dynamic range constrained in a specific volume dimension, which hinder the potential applications of MR valve to some extent. To this end, an MR valve with hybrid annular-radial fluid flow paths was proposed. Currently, only two research groups investigate the performance of the MR valves with the hybrid annularradial fluid flow resistance gaps. One group is from Chongqing University in China, and the other group is from Universiti Teknologi Malaysia. Ai et al. (2006) , from the first group, proposed an MR valve with the hybrid annular-radial fluid flow resistance gaps simultaneously to increase the pressure drop, where the fluid flow paths consists of two radial flow channels, two annular flow channels and one orifice flow channel. However, the pressure drop of this valve is not optimised because its design was based on the assumption that the magnetic flux densities in the annular and radial fluid flow gaps were identical. For the second group, Imaduddin et al. (2014 Imaduddin et al. ( , 2015 extended to develop a compact MR valve with multiple annular and radial gaps. Both simulation and experimental results revealed that this new design could increase the achievable pressure drop of the valve by more than 2.5 MPa. However, the whole flow path is formed by five annular, six radial and two orifice channels, which is extremely complex in structure and prune to blocking, although it gained a favourable pressure drop. Furthermore, the pressure drop is mainly attributed to the six radial flow channels rather than other channels, which is actually a radial type MR valve.
To address the above shortcomings, we developed a novel MR valve with the hybrid annular-radial-orifice flow path. On one hand, this MR valve is different from those MR valves listed in the literatures because its fluid flow paths were composed of a single annular flow channel, a single radial flow channel and an orifice flow channel through compact structural design. It is actually an asymmetrical valve. On the other hand, the pressure drop of the valve was investigated through theoretical calculation, simulation analysis and experiment verification by taking into account the optimal distribution of the length of annular flow channel and radial flow channel to obtain the maximum dynamic yield stress before saturation. In other words, this design can make full use of the high utilisation of the magnetic flux density both in the radial resistance gap and in the annular resistance gap. This design methodology not only guarantees a larger pressure drop but also miniaturises the geometry of the proposed MR valve, also reduces the risk of blocking during the working state.
Design and development of the MR valve with annular-radial-orifice flow paths
Structural design of the MR valve
The structure of the MR valve with annular-radialorifice flow paths is shown in Figure 1 . In the design, the left head cover and right head cover are made from stainless steel materials, and there are six threaded holes as a holder for the screw and one fluid flow channel port acts as inlet/outlet port of the MR valve. The flow-guided plate, which is made from stainless steel material, acts as a connecting passage between the inlet port and the annular flow channel. It can make that the fluid has a state of laminated flow to avoid turbulence. At the same time, it can also reduce the impact of the MR fluid on the magnetic plate. The excitation coil was wound onto the groove formed by the fixed plate and the valve core and protruded out through a hole in the right head cover. The assembly between the fixed plate and the valve core was dependent on the screw joints at the left end of the valve core. The screw was used to fix the magnetic plate, the washer and the fixed plate together. The radial resistance gap was guaranteed by the thickness of the washer.
The annular-radial-orifice flow paths in the proposed MR valve comprised a single annular flow path, a radial flow path and an orifice flow path. In detail, the annular flow path was formed between the outer circumference of the magnetic plate and the inner circumference of the valve body, while the radial fluid flow path was looped between the right surface of the magnetic plate and the left surface of the valve core. There was a through hole with diameter of 4 mm in the middle of the valve core, and it formed the orifice flow path of the MR valve. In addition, the proposed MR valve has a compact structure with an outer diameter size of 62 mm and overall length of 80 mm because it only has a single annular path and a single radial flow path. It is actually an asymmetrical valve. This structural design is different from those valves reported by other two groups (Ai et al., 2006; Imaduddin et al., 2014 Imaduddin et al., , 2015 .
When a constant direct current is applied to the excitation coil, the closed-loop magnetic circuits will be generated in the valve body, the annular flow resistance gap, the magnetic plate, the radial resistance gap and the valve core, and the intense magnetic fields will generate in both the resistance gaps that are perpendicular to the gaps. A pressure drop between the inlet port and the outlet port of the proposed MR valve will be produced because of the shear stress in both the resistance gaps. Therefore by adjusting the direct current, this pressure drop can be controlled. Figure 2 shows the simplified magnetic circuit of the proposed MR valve. According to the principle of the continuity of magnetic flux to determine the magnetic flux density throughout its conduit, it is considered as
Magnetic circuit of the MR valve
where F is the magnetic flux of the circuit; F MR, a and F MR, r are the magnetic flux of the MR fluid in the annular fluid flow path and radial fluid flow path, respectively; and F steel is the magnetic flux of the valve body, valve core and magnetic plate in the primary magnetic path. The magnetic circuit is analysed using magnetic Kirchhoff's law as follows
where N c is the number of turns of the excitation coil and I is the current applied to the excitation coil, H i is the magnetic field intensity in the ith link of the circuit and l i is the overall effective length of that link. However, the magnetic flux conservation rule of the circuit is given by
where B i and S i are the magnetic flux density and crosssectional area of the ith link, respectively. For the proposed MR valve shown in Figures 1 and  2 , the effective length of the ith link of the circuit can be defined as
The cross-sectional area of the ith link in the magnetic flux path can be calculated by
According to electromagnetic theory, the magnetic flux density B can be approximately expressed in terms of the magnetic field intensity H as follows
where m 0 = 4p 3 10 27 Tm A 21 is the magnetic permeability of free space and m i is the relative magnetic permeability of magnetic materials.
Let R i represent the magnetic resistance of the ith link in the magnetic flux path, the equation of R i can be expressed as
So, the equation of magnetic Kirchhoff's law can be rewritten as
The magnetic flux density of each part of the MR valve can be expressed in the following form and, respectively, upper bounded by the magnetisation property of the used magnetic materials
where B jsat is the saturated magnetic flux density of the corresponding material in the jth link. According to equations (7) and (9), the magnetic flux density of MR fluid in the annular fluid flow path and radial fluid flow path can be obtained, respectively. They are as follows
Control model of the MR valve
In general, the performance of an MR valve can be determined by its capability to create and regulate pressure drop between the inlet port and the outlet port, although the other capabilities of MR valve such as time response, linearity and hysteresis are also important.
Ignoring the pressure drop induced in the left and right end cover and the flow-guided plate, it can be seen that the flow paths consist of one annular gap, one radial gap and one orifice gap together in the MR valve from Figure 2 , so the pressure drop Dp of the MR valve can be defined as
where Dp a , Dp r and Dp o represent the pressure drop through the annular fluid flow path, radial fluid flow path and the orifice flow channel, respectively.
The pressure drop Dp a in the annular resistance gap is expressed as
where Dp a,h and Dp a,t are the pressure drop from the viscous properties of the fluid and the pressure drop from the field-dependent yield stress of the fluid in the annular resistance gap, respectively. h is viscosity without magnetic field, q is system flow rate, g a is the thickness of the annular resistance gap, R is the radius of the valve, t h and L a are the thickness of the valve body and magnetic plate, respectively. t y,a is the dynamic yield stress in the annular resistance gap that responds to an applied magnetic field, and c is the coefficient which depended on the flow velocity profile, and has a value ranging from a minimum value of 1 to a maximum value of 3. The pressure drop Dp r in the radial resistance gap is defined as (Ai et al., 2006) Dp r = Dp r, h + Dp r, t = 6hq
where Dp r,h and Dp r,t are the pressure drop from the viscous properties of the fluid and the pressure drop from the field-dependent yield stress of the fluid in the radial resistance gap, respectively. t y,r is the changes of yield stress in the radial resistance gap that responding to an applied magnetic field, g r is the thickness of the radial resistance gap, R 0 is radius of the central hole of the valve core, W c is the thickness of groove of the valve core, R c is the radius of the valve core at the left end without screw thread and R d is the radius of the valve core at the left end with screw thread.
The pressure drop Dp o in the orifice resistance gap is defined as 
where L is the length of the valve core. By substituting equations (13) to (15) into equation (12), the pressure drop Dp of the proposed MR valve is obtained
As shown in equation (16), the pressure drop Dp consists of five terms, where the first three terms are constant viscosity pressures without the magnetic fields, and the latter two terms are dependent on the applied magnetic fields.
Modelling and simulation of the MR valve with annular-radial-orifice flow paths

Magnetic properties of MR fluid used in the MR valve
The MR fluid with the type MRF-J01T provided by the Chongqing Instrument Material Research Institute in China was used in the following simulations and experiments. Its field-dependent properties are shown in Figure 3 . By observing Figure 3 (a), the dynamic yield stress of the MR fluid in the annular and radial resistance gaps can be approximated by (Hu et al., 2014b) t y, a = a 3 3 B where 'a 0 ', 'a 1 ', 'a 2 ' and 'a 3 ' are polynomial coefficients that determined by the least-squares fitting of the dynamic yield stress data as a function of magnetic flux density, here a 0 = 0.0182 kPa, a 1 = 248.4644 kPa/T, a 2 = 865.3901 kPa/T 2 and a 3 = 2984.2742 kPa/T 3 .
Simulation analysis using the finite element method Figure 4 shows the axisymmetric two-dimensional (2D) finite element method (FEM) of the proposed MR valve using ANSYS/Emag software. The magnetic plate, the valve core and valve body were made from No. 10 steel, which has a saturated magnetic flux density of 2.4 T when the applied magnetic field intensity exceeds 320 kA/m. The excitation coil is copper with a relative permeability of 1. The annular and radial resistance gaps are full of MR fluid whose permeability is defined by the B-H curve of MRF-J01T, as shown in Figure 3 (b). When the MR fluid was included in the gap, the solid models of the annular flow channel, radial flow channel and orifice flow channel were established first; then, they were merged as one entity model; after that, the MR fluid properties were applied to the entity model; finally, the finite element model was established after meshing, which was shown in Figure  4 (b). In the simulation, the annular and radial resistance gaps were set at 1.0 and 0.5 mm, respectively. The current density in the excitation coil was set at 2.51 A/mm 2 when the applied current to the excitation coil equalled 1.0 A. The diameter of the excitation coil wire was 0.6 mm, and the number of the turns was 400. In Figure 4 (b), the entity model was meshed using a quadrangular element with total number of elements 1629 and total number of nodes 5036. Figure 5 shows the distribution of magnetic flux lines and contour of magnetic flux density in the MR valve. Observing Figure 5(a) , the magnetic flux lines generated by the excitation coil first pass through the valve core, then arrive at the magnetic plate via the radial resistance gap, it perpendicularly pass through the annular resistance gap before reaching the valve body and ultimately return back to the valve core to form a closed loop. The magnetic flux lines in the MR valve are mainly distributed along the primary magnetic flux path, which is consistent with the ideal case. However, the magnetic flux leakage existed, which will affect the performance of the MR valve to some extent. The leakage of the magnetic flux lines can be decreased by increasing the thickness of the valve core or reducing the resistance gaps. Observing Figure 5 (b), it can be found that the distributions of the magnetic flux density in the annular and radial fluid flow gaps are much uniform, while the magnetic flux densities at the radial fluid flow gaps are larger than those at the annular fluid flow gaps. In this case, the MR fluid at the radial fluid flow gaps will be saturated earlier than that at the annular fluid flow gaps when the applied current increases.
In order to investigate the distribution of the magnetic flux density in the fluid flow paths clearly, the path P 1 along the annular fluid flow path and the path P 2 along the radial fluid flow path were defined separately, and the dimensions of the total fluid flow paths are also listed, as shown in Figure 5 (a). Figure  6 shows the magnetic flux density along the defined path in the annular fluid flow path and in the radial fluid flow path, respectively. It can be seen that the magnetic flux density both in the annular fluid flow path and in the radial fluid flow path distributes evenly, although it decreases sharply at the end of the defined path. In addition, the magnetic flux density at the radial fluid flow path is larger than that at the annular fluid flow path. The average magnetic flux density in the annular fluid flow path is 0.795 T, and the average magnetic flux density in the radial fluid flow path is 0.698 T when the current applied to the excitation coil is 1.0 A. Figure 7 shows the distribution of the magnetic flux density along the fluid flow paths that shown in Figure  5 (a) under different applied currents. It can be seen that the magnetic flux density increased with the increment of the applied current both in the annular and radial resistance gaps, and the magnetic flux density in the radial fluid flow path is bigger than that in the annular fluid flow path. However, the deviation of the magnetic flux density in the radial and annular resistance gaps is not big, which shows the high utilisation of the magnetic flux density through structural design for the proposed MR valve. Figure 8 shows the dynamic yield stress along the fluid flow path under different applied currents. The trend of the yield stress variation is shown to be the similar to the trend of the magnetic flux density variation as depicted in Figure 7 when the current is applied from 0 to 0.6 A. However, the values of the yield stress remain unchanged when the applied current exceeds 0.6 A, the reason being that the dynamic yield stress is saturated under this applied current. Figure 9 shows the yield stress and the estimation of pressure drop under different applied currents. As shown in the figure, the yield stress in both the annular and radial resistance gaps increased with an increase in the applied current and is saturated after the applied current of 0.6 A. At the same time, the total pressure drop also increased with the increment of the applied current, and the maximum pressure drop is about 2450 kPa.
Performance analysis of the MR valve with annular-radial-orifice flow paths
Prototyping of the proposed MR valve
The thickness of the fluid flow resistance gap is an important parameter that affects the performance of MR valves. The magnetic resistance in the fluid flow gap is much larger than that of other structures of MR valve. A larger gap thickness changes the magnetic circuit and decreases the magnetic flux density, which decreases the MR effect. The MR fluid is difficult to pass through the resistance gap if the gap thickness is too small. In general, the reasonable gap thickness ranges between 0.5 and 1.5 mm. In this work, the radial resistance gap size is set as 0.5 mm and the annular resistance gap size is set as 1.0 mm.
In order to make full use of magnetic flux density both in the radial resistance gap and annular resistance gap, the magnetic flux density in the radial flow channel was designed to be roughly equal to that in the annular flow channels, so the reasonable resistance length of L r and L a can also be obtained. From equation (3), it can be deduced that
As B MR,r is roughly equal to B MR,a , S MR,r is also roughly equal to S MR,a . According to equation (5) and the simulation results in section 'Simulation analysis using the finite element method', the relationship of L r and L a can be determined. Here, the length of the annular resistance gap L a is 4.2 mm, and the length of the radial magnetised resistance gap L r is 11 mm. Figure 10 shows the prototype of the proposed MR valve with annular-radial-orifice flow paths, and Table  1 summarises the primary parameters of the proposed MR valve.
Experimental test rig setup
In order to validate the valve performance of the proposed MR valve, an experimental test rig was built up and shown in Figure 11 . A motor-driven fixed gear pump was used as a power unit. Two pressure transducers a and b were used to measure the inlet pressure and the outlet pressure of the MR valve, respectively. A relief valve (a) was used as a safety valve to protect the hydraulic system, and a relief valve (b) was used to simulate the load cases. A DC power (a) was used to supply power to the two pressure transducers, and the DC power (b) was used to supply power to the exciting coil of the proposed MR valve. A data acquisition board was used to capture the pressures. A host computer was used to monitor the relevant test parameters of the hydraulic system in real time.
Experimental results analysis Figure 12 shows the pressure drop of the proposed MR valve without the applied current, and the theoretical value of the pressure drop without the applied current is also presented simultaneously. The experimental pressure drop across the MR valve without the applied current is the pressure difference between the inlet port and the outlet port of the MR valve, which is measured by the pressure transducers a and b, respectively. The theoretical pressure drop without the applied current is induced by the viscosity of the MR fluid, which is the sum of the first three terms in equation (16). Observing Figure 12 , the experimental pressure drop of the MR valve is larger than the theoretical one. The reason is that the pressure drop induced by the non-flow resistance gaps within the MR valve and the vortex and turbulence in the fluid flow gaps are ignored in the theoretical analysis. Figure 13 shows the pressure change of the proposed MR valve under different applied currents. It can be seen that the inlet port pressure and pressure drop increased as the applied currents increased, while the outlet port pressure remained basically unchanged. The reason is that the pressure drop equals a subtraction of the inlet port and outlet port pressures, while the outlet port pressure was held at a certain value by the relief valve (b) shown in Figure 11 . However, the outlet port pressure fluctuated a little because the gears of the fixed gear pump were worn out due to long operating time and the abrasive nature of MR fluid. Observing Figure  13 , the maximum experimental pressure drop can reach 2650 kPa when the applied current exceeds 1.2 A. Figure 14 shows the comparison of experimental pressure drop in Figure 13 and simulated pressure drop in Figure 9 . As shown in the figure, the simulated pressure drop is saturated earlier than the experimental pressure drop. The reason is that the leakage of the magnetic flux density in the simulation and the air resistance gap in the simulation model were neglected. In addition, the experimental pressure drop is greater than the simulated pressure drop, although the difference is little when the applied current exceeds 1.0 A. The reason may be the thickening effect of the used MR fluid, while the Bingham fluid model used in the simulations did not consider this effect (Imaduddin et al., 2014) .
The hysteresis of the MR valve was primarily the result of magnetic hysteresis and fluid dynamics. Figure 15 shows the hysteresis of pressure drop under continuously applied currents ranging from 0 to 1.8 A and from 1.8 to 0 A. In this case, the percentage of the hysteresis is expressed as the difference between the increasing and decreasing pressure drop divided by the maximum pressure drop. The hysteresis is about 1.5%, which is superior to the servo valve used in the hydraulic oil systems.
The relief valve (b) was applied in the experimental test rig to simulate the loading conditions in the hydraulic system, and three typical load cases were selected by adjusting the outside valve knob of the relief valve (b) in this study. The load case 1 was denoted by adjusting the outside valve knob one clockwise circle at the initial state, the load case 2 was denoted by adjusting the outside valve knob two clockwise circles at the initial state and the load case 3 was denoted by adjusting the outside valve knob three clockwise circles at the initial state. Figure 16 shows the variation of pressure drop and load cases under different applied currents. Here, the pressure drop remained stable at a certain value when the currents were increased from 0 to 1.8 A under the three different load cases, which means the load cases do not influence the pressure drop basically. This characteristic made the MR valve to be used to control the actuators within a high-frequency range. So, it can be adopted to control the MR damper as a bypass valve, which can effectively increase the dynamic range of the damper. Observing Figure 16 , it is also seen that the pressure drop increased as the applied current increased, specifically.
Conclusion
A compact annular-radial-orifice flow MR valve with 1.0 mm width of annular resistance gap and 0.5 mm width of radial resistance gap was developed and prototyped in this article, and the fluid flow paths of the proposed MR valve consisted of a single annular flow channel, a single radial flow channel and an orifice flow channel through structural design. In order to obtain the maximum dynamic yield stress both in the annular and radial resistance gaps together, the optimal analysis was carried out to investigate the relationship of magnetic flux density along the defined paths through magnetic circuit design and finite element analysis. The simulation results show that this design methodology can provide a larger pressure drop of 2450 kPa at the applied current of 0.6 A, which constrained in a volume space of MR valve with an outer diameter of 62 mm and overall length of 80 mm.
Meanwhile, the valve performance, especially the pressure drop, was investigated from the view of theoretical calculation, simulation analysis and experiment tests. The experimental pressure drop can reach 2650 kPa at the applied current of 1.2 A, and it accorded well with the simulation results. This proposed MR valve has significantly improved its efficiency through structural design, which is beneficial to control the MR damper as a bypass control valve for its good pressure regulating capability.
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